Dropshaft cascades are typical elements of sewer systems in steep urban catchment basins. The design of a dropshaft cascade, which is generally addressed as an optimization problem, also needs to consider the subsequent effects induced on the flow by the different elements of the cascade.
INTRODUCTION
Drop structures are widely employed in sewer systems in order to decrease pipe slopes and flow velocities. High velocities may reduce the sewer pipe lifespan, owing to abrasion of the sewer walls. Therefore, in many countries there is a legislation that limits the velocities, leading to the use of drop structures. High velocities can also lead to a poor hydraulic performance of the sewer system. In closed conduits the flows with high Froude numbers may choke, for instance by abrupt cross-sectional changes, junctions or bends. Moreover, high velocity flows induce significant air entrainment, resulting in increased volume two-phase flows.
Typical drop structures in sewers are vortex dropshafts and single drop manholes. Vortex dropshafts (Drioli ; Jain ) generally apply (Hager ) if the elevation difference between inlet and outlet is at least 7-10 m, depending on the shaft diameter, and if the approach flow is either stably subcritical (F o < 0.7, where F o is the approach flow Froude number) or stably supercritical (F o > 1.5). A vortex dropshaft involves a significant energy dissipation by wall friction due to the helicoidal flow across the shaft. A proper operation of vortex dropshafts needs a careful design of the elements from which they consist: intake structure, vertical shaft and outlet structure. The design depends essentially on the approach flow conditions. Single drop manholes are used for smaller differences of elevation. They significantly affect many features of the sewer system operation. So far, the scientific research on the topic has been conducted by a few authors. Christodoulou () investigated experimentally the hydraulic behavior of circular drop manholes in supercritical flow. This author found that the local head loss and the water level in the manhole depended mainly on a dimensionless drop parameter, expressed in terms of the drop height and the approach flow velocity. Rajaratnam et al. () studied flow features and provided some results about energy dissipation and air entrainment in circular dropshafts. Chanson () investigated basic flow patterns in rectangular dropshafts, with a particular emphasis on the effects of shaft pool, outflow direction and drop height. Later, Granata et al. () provided a characterization of the flow patterns in a circular drop manhole and introduced the dimensionless impact number to predict the occurrence of any regime. They also investigated residual energy, pool height, air entrainment and choking onset. Subsequently, Carvalho & Leandro (, ) studied the hydraulic characteristics of a drop square manhole with a downstream control gate by analyzing the flow conditions, discharge coefficients, downstream turbulence and energy dissipation. Moreover, they defined a new impact number.
However, all the these researchers have recognized that the hydraulic behavior of a single dropshaft is mainly dependent on the manhole operating condition, now commonly referred to as flow regime, which is identified on the basis of the jet impact location. In a circular drop manhole, the following operating conditions are observed ( Figure 1 ): regime R1 if the free falling jet plunges into the bottom pool; regime R2a if it falls in the zone between the manhole bottom and the manhole outlet; regime R2b if the jet impacts the downstream sewer invert; regime R2c if it partially hits the manhole sidewall just above the manhole outlet; regime R3a if the whole jet impacts above the outlet; and regime R3b if it impacts the opposite manhole sidewall, breaks and spreads (Granata et al. ) .
The above mentioned impact number I (Granata et al. ) is defined as:
where s is the drop height, g is the gravity acceleration, V o is the mean approach flow velocity and D M is the manhole diameter. The impact number represents the ratio between the horizontal distance travelled by the free-falling jet and the manhole diameter. Therefore, it provides an indication of the impact location. It accounts for both the approach flow features and the manhole geometry and can be also expressed as the impact Froude number F I ¼ V o /(gD M 2 /2 s) 1/2 . The transition from regimes R1 to R2a occurs for I ≅ 0.6, from R2c to R3a for I ≅ 1 and from R3a to R3b for I ≅ 1.5 (Granata et al. ) .
Some operating conditions induce limited energy dissipation (Chanson ; Granata et al. ), undermining dropshaft effectiveness, because the non-dissipated excess energy may lead to high downstream flow velocities. Therefore, specific devices could be considered to improve the flow conditions (Granata et al. a) .
Several drop manholes in sequence are frequently found in steep urban catchment basins. Each dropshaft affects incoming flow, so it is essential to be able to evaluate the overall effects of the dropshaft cascade, particularly with regard to energy dissipations.
According to the common practice, the design of a dropshaft cascade should be addressed as an optimization problem. It is necessary to take into account both the cost of the excavations and the cost of structures. For a given pipe slope, as the number of drops decreases, increasing the distance between the manholes, the height to be overcome with each dropshaft increases and thus the cost of the excavations rises. Conversely, as the number of dropshafts increase, reducing the distance between them, the height of each drop decreases and thus the cost of the excavations is reduced, but the cost of the structures increases.
As regards hydraulic features, the common technical practice addresses the problem of drop manholes sequence as a series of non-interacting elements, focusing on every single dropshaft, which should induce the same effects on the flow. However, the most interesting aspect of a dropshaft cascade is the influence of each manhole on the next one.
Experimental research was conducted to investigate the performance of a dropshaft cascade under supercritical approach flow. Supercritical flows are more frequently observed in the sewers at steep sites, and involve the most severe conditions for the operation of the drainage system.
The study mainly focused on energy dissipation and air entrainment. The results were compared with those obtained on a single drop manhole, for the same total drop height. The experimental observations allow improving the design from the hydraulic point of view.
Experimental setup
The experimental facility consists of a cascade of three identical circular drop manholes ( Figure 2 ) connected to a recirculation system supplied with three submersible electric pumps, with discharge up to 75 l/s. In the following, the three manholes will be respectively denoted by M1, M2 and M3.
Each manhole is made of plexiglass, has an internal diameter of D M ¼ 300 mm and a drop height of s i ¼ 600 mm, where i ¼ 1, 2, 3. Both the inlet and the outlet plexiglass pipes of each manhole have a diameter of D ¼ 200 mm. The distance between two subsequent manholes is L ¼ 4.40 m. This distance has been chosen so as to have a significant interaction between the effects of the manholes and at the same time to reproduce a situation in which the road slope is realistically high. The pipe between manholes are horizontal in this stage of the research.
A jet-box placed upstream of the first manhole allows control of the approach flow Froude number In order to evaluate air demand (Q air ) several specific tests were carried out sealing hermetically all the manholes so that the air was supplied only through a 60 mm diameter pipe placed on each dropshaft cover. An anemometric probe allowed the mean air flow velocity in the pipe to be measured during a predefined sampling time.
In each test, having set the incoming water flow rate and the approach flow filling ratio, the flow depths and velocities were measured in specified sections of the pipes. Subsequently, the incoming air flow rate in each manhole was evaluated. Overall, over 300 tests were performed. 
RESULTS AND DISCUSSION

Energy loss
Energy dissipation phenomena in a single circular dropshaft have been described in detail by Granata et al. () . These phenomena are induced by flow turbulence increase and jet spreading. The occurrence of different dissipative mechanisms depends on the flow regimes.
Under regime R1, energy dissipation is mainly due to impact loss: the approach flow jet plunges into the manhole pool, leading to the occurrence of zones of large velocity gradients. Under regime R2, when the free falling jet impacts the downstream sewer invert, most of the discharge flows directly into the downstream pipe causing reduced dissipative effects, resulting in increased downstream energy head and high velocity flow. Finally, under regime R3, the energy dissipation is mainly induced by jet impact onto the manhole opposite walls. The jet spreads and leads to a spiralling flow along the manhole wall, which dissipates energy by wall friction and plunging into the manhole pool along its boundaries. Moreover, all the flow regimes show further dissipative effects related to manhole outflow. Granata et al. () also provided empirical equations to estimate energy loss.
In a dropshaft cascade the total energy loss is obtained by adding energy dissipations occurring in all the manholes to the head loss along the connecting sewers. If the channels are short enough, as is usually the case in a dropshaft cascade, energy dissipation along pipes is generally negligible compared with the energy loss into the manhole. The energy loss induced by each manhole affects outflow features and then the occurring flow regime in the next manhole is likely to be different from that occurring in the previous one. A dropshaft cascade should operate such that downstream energy head roughly equals upstream energy head. Figure 3 illustrates the symbols that will be used hereafter in the discussion and facilitates the understanding of the results.
Denoting by η i the partial relative energy dissipation in the i-th manhole, evaluated as
where ΔH i is the energy loss in the i-th dropshaft and H 0 is the upstream total energy (Figure 3) , the relative energy dissipation in the cascade is
Moreover, in Figure 3 , E i0 is the flow energy head upstream of the i-th manhole, E i1 is the flow energy head downstream of the i-th manhole, H i0 is the total energy (referred to the minimum elevation of the cascade) upstream of the i-th manhole, and H i1 is the total energy downstream of the i-th manhole.
In Figures 4(b1) , (b2) and (b3) η i is shown as a function of the dimensionless discharge Q* ¼ Q/(gD 5 ) 0.5 . In the case of low upstream flow filling ratio (y o ¼ 0.4), if Q* is lower than about 0.3, it is noted that η 1 < η 3 < η 2 : the lowest energy loss is observed in the manhole M1, which operates under regime R2 if Q* < 0.2, under regime R3a if 0.2 < Q* < 0.3 (Figure 4(a1) ). A reduced energy loss leads to an increased downstream energy head, so that the ratio E 11 / E 10 is consistently >1 (Figure 4(c1) ). An increased upstream flow velocity leads to an early onset of regime R3 in the manhole M2 (Figure 4(a1) ) with consequent higher dissipations (Figure 4(b1) ). The subsequent energy loss in the manhole M3 takes values between those of the other two dropshafts, while the ratio E 31 /E 30 is generally close to 1. If Q* > 0.3, some significant changes are observed: the three manholes operate under regime R3b (Figure 4(a1) ) and η 1 > η 2 ≅ η 3 (Figure 4(b1) ). The increased energy dissipation in M1 leads to a low residual energy, therefore the ratio E 11 /E 10 tends to about 0.6. In manholes M2 and M3 the relative energy dissipation is still decreasing with Q*, while the ratios E 21 /E 20 and E 31 /E 30 are both close to 1 in the entire range of 0.3 < Q* < 0.6: M2 and even more M3 do not significantly affect energy flow features and finally the flow tends to reach a state of equilibrium in which E i1 ≅ E i0 .
As the upstream filling ratio is increased (y o ¼ 0.6, Figures 4(a2) , (b2) and (c2)), η 1< η 2 and η 1 < η 3 : relative energy dissipation in M1 is lower than energy loss in M2 and M3 in the entire investigated range of Q* and the difference is significant, reaching 20%, if Q* < 0.3. The manhole M1 operates under regimes R2 and R3a for 0.05 < Q* < 0.5. Small energy loss leads to increased residual energy and the ratio E 11 /E 10 takes values >1.5. This increased energy is then partially dissipated in the manhole M2, operating under regime R3b if Q* > 0.15, and in M3, which operates under regime R3b if Q* > 0.25.
A very similar hydraulic behavior of the cascade can be observed if the upstream filling ratio is further increased (y o ¼ 0.8, Figures 4(a3), (b3), and (c3) ).
The residual energy E d downstream of the cascade is affected by the incoming flow filling ratio y o .
Note Figure 5 shows that in fact this dependence occurs if Q* > 0.25.
The residual energy increases with the filling ratio until y o 0.6. Beyond this value, the dependence is not noticeable. It is interesting to note that if y o ¼ 0.5, downstream energy head E d is always very similar to E o , leading to satisfactory operating conditions as regard energy loss.
Even more interesting are the results from the comparison between a dropshafts cascade and a single dropshaft with the same drop height. Figure 6 shows that relative energy dissipation in a cascade is approximately linearly decreasing with Q* and is always higher than energy loss in a single dropshaft: a dropshaft cascade prevents detrimental effects arising from the transformation of potential energy into kinetic energy typically observed under regime R2 in a single drop manhole. The energy head E d downstream of a dropshaft cascade is Relative air demand takes the highest value in each manhole for Q* < 0.2. In this range of flow rates, the β values fluctuate without showing a definite trend. The manholes operates under regimes R2 or R3a (Figure 4(a1) ) and the prevailing entrainment mechanisms are those related to the falling jet surface and jet plunging.
In the range 0.2 < Q* < 0.4, β is slightly decreasing in the manholes M1 and M3, while it first suddenly decreases and then it shows small variations in M2. If Q* > 0.4, β is still slightly variable in all the manholes. Moreover, it is β 3 < β 2 < β 1 , being denoted by β i is the relative air demand in the i-th manhole. Considering the overall air demand of the cascade, Figure 7 (a) shows that highest values of β occurs if 0.15 < Q* < 0.2, when M1 and M3 operate under regime R2, while M2 operates under regime R3a: in each manhole β i is approximately equal to 0.5 and then the overall relative air demand β is >1.5. In the range 0.2 < Q* < 0.4, β is rapidly decreasing with Q*, while if Q* > 0.4, β slightly decreases with Q* after a small increase.
Once again the comparison between a single dropshaft and a dropshaft cascade with total drop height is of great interest. The overall air demand of the cascade is almost always less than the air demand of the single dropshaft. The maximum difference is of the order of 40%. For highest investigated flow rates, the difference is in the order of 25%.
As the incoming flow filling ratio is increased, qualitatively similar results are observed. Figure 7(b) shows the results of the test performed with a jet-box opening y o ¼ 0.8. If Q* > 0.3, relative air demand in M1, M2 and M3 show very close values. Moreover, the overall air demand of the cascade is about 50% of the air demand of a single dropshaft with the same drop height for the highest water discharges. Therefore, with regards to air demand from the atmosphere, a dropshafts cascade is a better solution to overcome a considerable difference of elevation between two channels because sewer systems are not equipped with specific ventilation devices. Conversely, it should be emphasized that it is a less effective solution to the problem of aerating sewage.
CONCLUSIONS
Dropshaft cascades are typical elements of sewer systems in steep urban catchment basins, but literature on the topic is very scarce. The design of a dropshaft cascade is generally addressed as an optimization problem, taking into account both the cost of the excavations and the cost of structures and searching the configuration that minimizes the total cost. Common design practice often does not consider the effects induced by each manhole on the flow entering the next manhole. Experimental research has been carried out at the University of Cassino and Southern Lazio to get an increased knowledge of the hydraulic behavior of dropshaft cascades.
The study particularly focused on the energy loss and on the air entrainment. Energy dissipation is different in the various manholes, as well as the residual energies. Energy dissipation in the first manhole of the cascade tends to be the smallest and it is reduced as the upstream flow filling ratio is increased. In the manholes that follow, the flow tends gradually to a condition characterized by the equality between upstream and downstream energy head. An upstream filling ratio of 0.5 leads to the best energy conditions. Moreover, a dropshaft cascade is a more efficient potential energy dissipator than a single dropshaft with the same total drop height. Indeed, a dropshaft cascade prevents detrimental effects arising from the transformation of potential energy into kinetic energy typically observed under some operating conditions of a single drop manhole. In the worst conditions, the maximum residual energy downstream of the cascade is about 40% lower than the maximum residual energy downstream of the single drop manhole.
Also, the air demand changes among different manholes, due to the actual operating air entrainment mechanisms. At high flow rates, the highest air demand occurs in the first manhole of the cascade. In addition, the overall air demand of the cascade is generally smaller than the air demand of the single dropshaft. In particular, it varies between 25 and 50% of the air demand of a single dropshaft with the same drop height for the highest water discharges.
